Aims: Evidence of altered structural and functional connectivity in the frontaloccipital network is associated with cognitive deficits in patients with schizophrenia.
| INTRODUC TI ON
Ultra-high risk for psychosis (UHR) is the stage preceding the onset of schizophrenia and is characterized by attenuated psychotic symptoms and a decline in social cognition and function.
1 Clinically highrisk and at-risk mental states are used to identify participants with a putatively high risk for psychosis. 2 Based on a recent meta-analysis, the rate of transition to frank psychosis in UHR subjects reaches 29% within 2 years and increases to 36% after 3 years of follow-up.
3
Social function, neurocognition, duration of symptoms, depression, and negative symptoms are the risk factors associated with transition. 4 However, the pathophysiological mechanism underpinning UHR remains unclear.
Neuroimaging techniques have enhanced our understanding of the pathophysiology of UHR. Memory task-based functional magnetic resonance imaging (fMRI) studies have shown that UHR subjects exhibit altered function in the prefrontal regions and medial temporal cortex compared with healthy controls. 5 Moreover, a positive correlation has been found between structural and functional alterations in the left middle frontal gyrus during task performance in high-risk subjects. 6 Furthermore, a longitudinal study showed that UHR subjects had an increased activation in the left inferior frontal gyrus compared with healthy controls during verbal fluency task performance at baseline. 7 After 1 year of follow-up, no difference was found between UHR subjects and healthy controls, indicating a normalization of regional activity in the prefrontal cortex during the follow-up. However, the prefrontal cortex neurofunctional response had a direct relationship with 1 year of clinical improvement in the UHR subjects, suggesting that the prefrontal cortex alterations might be important to UHR subjects. 7 Whole-brain structural covariance analysis also revealed that UHR subjects showed subtle changes in the executive control network, default mode network, and other large-scale networks compared with healthy controls. 8, 9 In addition, the altered connectivity of cognitive control network was related to clinical features in UHR subjects. 5 Furthermore, a link has been identified between poor cognitive function and risk of psychosis, 10 which exhibits a predictive value in the UHR subjects who eventually transfer to frank psychosis. 11 These findings suggested that cognitive dysfunction might serve as a specific marker for future degradation in clinical domains.
Working memory and executive function impairments are regarded as core cognitive deficits in schizophrenia. Over the last decade, the importance of graph theoretical analysis combined with resting-state fMRI has been emphasized. [17] [18] [19] Graph theoretical analysis, originated from the discovery of smallworld and scale-free networks, is an unbiased method to examine whole-brain functional connectome. The human brain networks are characterized by small-world property, modularity, and the distribution of highly connected hubs using the graph theoretical analysis.
20
In patients with schizophrenia, the small-world topological property is disrupted in many brain regions such as the prefrontal lobe, and parietal and temporal lobes. 
23
In this study, graph theoretical analysis was employed to investigate the altered FCS in voxel-based functional networks between UHR subjects and healthy controls. Based on prior studies in schizophrenia, 24 we hypothesized that UHR subjects would show significantly disrupted FCS in certain brain regions, especially in the DLPFC. Moreover, we hypothesized that altered FCS could be significantly correlated with clinical variables. We also hypothesized that altered FCS might sever as a potential image marker for distinguishing UHR subjects from healthy controls using support vector machine (SVM).
| MATERIAL S AND ME THODS

| Subjects
A total of 34 UHR subjects were recruited from the Department of Psychiatry, the Second Xiangya Hospital of Central South University in China, and 37 healthy controls were simultaneously recruited from the local community. UHR subjects were recruited using the structured interview for prodromal syndromes (SIPS) 25 and the scale of prodromal syndromes (SOPS). 26 The SIPS/SOPS contains the definitions for the 3 types of prodromal syndromes:
brief intermittent psychotic syndrome, attenuated positive symptom syndrome, and genetic risk and deteriorated syndrome. The SIPS is used to diagnose the 3 types of prodromal syndromes, Healthy controls were screened by the nonpatient edition of Structured Clinical Interview for DSM-IV. 29 Potential controls were excluded if they had a first-degree relative with a psychiatric illness.
All subjects were right-handed and aged 16-30 years old.
Exclusion criteria for all subjects were severe physical diseases (such as cardiovascular diseases, liver and kidney diseases, or any other organic diseases), neurological diseases, history of drug abuse, and pregnancy, any head trauma, or any contradictions for MRI scan.
All participants were evaluated using the Brief Assessments of This study was approved by the Ethics Committee of the Second Xiangya Hospital of Central South University. All subjects gave a written informed consent. 
| Data acquisition
| Data processing
Statistical parametric mapping (SPM8, http://fil.ion.ucl.ac.uk/ spm/) was used to preprocess the functional images. The fMRI images were first corrected for slice timing and head motion. All subjects met the criteria of head movement not exceeding 2.0 mm displacement in x, y, or z and 2° of rotation in any directions. Mean motion, mean head displacement, and rotation were calculated to consider the comparability of head motion between groups.
Next, the images were spatially normalized using the Montreal Neurological Institute (MNI) template in SPM8 and resampled to 3 × 3 × 3 mm 3 . Afterward, the images were linearly detrended and temporally band-pass filtered (0.01-0.08 Hz) to reduce the effects of high-frequency physiological noises and low-frequency drifts.
After these procedures, several nuisance signals were removed, including 6 motion parameters, white matter signal, and ventricular regions of no interest.
| Whole-brain voxel-wise functional connectivity analysis
Pearson's correlations between time series of any pair of brain voxels of the whole brain were computed, and a whole-brain connectivity matrix was generated for each subject. The FCS value referred to the mean value of functional connectivity between a given voxel and all other voxels of the whole brain. The FCS maps were transformed to z-scores, as illustrated in a previous study. 
| Statistical analysis
Two-sample t tests and chi-square tests were applied to compare the clinical and demographic data (P < 0.05). Voxel-based two-sample t tests were performed on the functional connectivity maps between UHR subjects and healthy controls. The significant level was corrected at P < 0.01 for multiple comparisons using the Gaussian random field theory (voxel significance P < 0.001; cluster significance P < 0.01) with the REST software. Age and years of education were used as covariates in the analyses. As the resting-state FCS might be influenced by head motions, the framewise displacement (FD) value was computed for each subject, and the mean FD was also applied as a covariate in the analyses.
After brain regions with significant group differences were identified, the mean z-values of these regions were extracted to evaluate the correlations between abnormal FCS values and symptom severity or cognitive function in the UHR subjects. The significance level was set at P < 0.05 (Bonferroni corrected).
| Classification analysis using SVM
Support vector machine was conducted to evaluate the ability of combination the FCS values in the 2 brain areas for discriminating UHR subjects from healthy controls using the LIBSVM software package (http://www.csie.ntu.edu.tw/~cjlin/libsvm/) in the Matlab.
To acquire the optimal sensitivity and specificity, function kernels of Gaussian radial basis and the grid search method were applied to carry out a parameters optimization with a "leave-one-subject-out" cross-validation.
| RE SULTS
| Demographics and clinical characteristics
The demographic and clinical data are present in Table 1 . Except for years of education (12.06 ± 3.44 vs 14.65 ± 2.09, P < 0.001), no significant differences were observed between UHR subjects and healthy controls in sex ratio (P = 0.341), age (P = 0.346), the mean FD values (P = 0.386), and the TMT-A (P = 0.159). Compared with healthy controls, UHR subjects exhibited poor performance in the BACS-SC (P = 0.003), HVLT-R (P < 0.001), CPT-IP (P = 0.005), BVMT-R (P = 0.019),
and Stroop Color-Word test including reading colored words (P = 0.03), color-naming scores (P < 0.001), and color-word scores (P < 0.001).
| Differences in FCS between UHR subjects and healthy controls
Compared with the control group, the UHR group exhibited Table 2 and Figure 1) . No other differences were found between the 2 groups.
| Correlation analysis
In the UHR group, the z-values of the left middle frontal gyrus were positively correlated to the BACS-SC scores (r = 0.366, P = 0.033).
Moreover, the FCS values of the left calcarine cortex were negatively correlated to the Stroop color-naming scores (r = −0.475, P = 0.016; Figure 2 ). No significant correlations were observed between abnormal FCS and symptom severity in the UHR subjects.
| Distinguishing UHR subjects from healthy controls
The SVM analysis was performed to determine whether the combination of the FCS values in the 2 brain areas could discriminate the TA B L E 1 Demographic and clinical characteristics of ultra-high risk (UHR) subjects and healthy controls UHR subjects from the healthy controls with satisfactory accuracy.
The results showed that the ability of the combination of the FCS values in the left middle frontal gyrus and left calcarine cortex for discriminating the UHR subjects from the healthy controls was optimal with an accuracy of 87.32% (62 of 71 in the 2 groups), a sensitivity of 73.53% (25 of 34 in the UHR group), and a specificity of 100% (37 of 37 in the control group; Figure 3 ).
| D ISCUSS I ON
To our knowledge, this study is the first to investigate the wholebrain FCS with graph theory in UHR subjects at rest. The results revealed that UHR subjects showed altered FCS in the frontal-occipital network. Importantly, the FCS values in the frontal-occipital network were significantly correlated to cognitive deficits in the UHR subjects. Moreover, the ability of combination of the FCS values in the 2 abnormal brain regions for discriminating the UHR subjects from the healthy controls was satisfactory.
The left middle frontal gyrus, a part of the DLPFC, exhibited decreased FCS in the UHR subjects in our study. As a key hub of the central executive network, the DLPFC plays a crucial role in working memory. 37 Recently, cross-sectional neuroimaging studies suggested that the prefrontal cortex was the site with the most robust abnormalities in UHR subjects 38 and patients with schizophrenia. 39 Reduced connectivity between the right inferior frontal gyrus and right posterior hippocampus was described in UHR subjects relative to healthy controls in a cross-sectional study using delayed matching to sample task. 40 Other studies provided evidence of reduced connectivity between the middle frontal gyrus and superior temporal gyrus during working memory task performance in UHR subjects.
41
Moreover, reduced activation in the prefrontal cortex 42 was found in the UHR subjects who would later transfer to frank psychosis. TA B L E 2 Abnormal functional connectivity strength between ultra-high risk (UHR) subjects and healthy controls F I G U R E 1 Functional connectivity strength (FCS) differences between ultra-high risk (UHR) subjects and healthy controls. Hot color represents increased FCS, and cold color represents decreased FCS in the UHR subjects. The color bar represents the t value of the group analysis these findings, 39 suggesting that altered functional connectivity in the frontal cortex may partly reflect genetic vulnerability to psychopathology. Moreover, some studies have linked neurocognitive deficits with the prefrontal cortex atrophy in patients with schizophrenia, 43 indicating that dysfunction in the prefrontal cortex may be correlated to neurocognitive function. Both functional and structural MRI studies have consistently shown deficits in the DLPFC as an important medicating factor in explaining working memory deficits in schizophrenia. 15, 43, 44 Furthermore, UHR subjects in the present study exhibit increased FCS in the left calcarine cortex, a part of occipital lobe. Our findings generally support a recent multicenter neuroimaging study which reported increased local gyrification index in the occipital and other cortical regions in UHR subjects.
45
Our finding of decreased FCS in the left middle fontal gyrus in UHR subjects is consistent with neuroimaging findings in patients with schizophrenia, which may represent deficits in attention and working memory. Working memory impairments have been identified as primary deficits in patients with schizophrenia. 15 Several studies have identified FCS deficits in the left middle frontal gyrus (part of the DLPFC), which are important in explaining deficits in working and episodic memory and related cognitive functions. 37 A recent positron emission tomographic (PET) study showed that decreased dopamine release capacity was related to decreased activation in the DLPFC during a working memory task. 46 Other studies have shown that deficits in the DLPFC are important for working memory deficits in schizophrenia. 37 A previous study 5 exhibited decreased activation in the left processing during early perceptual and semantic processing, and attention can be considered as a "gatekeeper" for working memory.
48
Converging evidence suggests that selective attention and working memory show a striking overlap in the information processing, and top-down modulation may mediate the connection between selective attention process and working memory operations. 49 Moreover, working memory is a subsystem of the information processing model, which enables short-term information storage needed for integration and processing. 50 Impairment in the speed of information processing has been identified as a potential predictor of transition to frank psychosis. 51 Therefore, FCS deficits in the middle frontal gyrus may be a potential endophenotype for the prediction of UHR subjects who are at increased probability of transition to frank psychosis.
The calcarine cortex is a part of occipital pole and mainly func- These findings emphasize the importance of dysfunction within the occipital-frontal-hippocampal network in the pathophysiology of schizophrenia. Early-stage visual cortical processing dysfunction has been found in patients with schizophrenia 56 and UHR subjects.
57
In addition, the cortical processing deficits may be involved in the perceptual processing deficits in patients with schizophrenia. suggests that pervasive cognitive deficits exist in UHR subjects, 59 and some cognition domains are strongly related to the risk of psy- The study has several limitations aside from the relatively small sample size. First, this study did not recruit patients with schizophrenia to compare their FCS values with those of UHR subjects, and this issue may limit our understanding of the disease progression between UHR subjects and patients with schizophrenia. Second, a longitudinal study is needed to test whether functional deficits in the left middle frontal gyrus and left calcarine cortex can be used as a potential biomarker to predict the transition to psychosis. Finally, this study is cross-sectional, and it is unclear whether part of the UHR subjects will subsequently convert to psychosis. A follow-up study is meaningful to compare the differences between UHR subjects who convert to psychosis and those who do not convert to psychosis.
| CON CLUS IONS
In conclusion, significantly altered FCS in the frontal-occipital network is found in the UHR subjects. Furthermore, decreased FCS in the left middle frontal gyrus and increased FCS in the left calcarine have significant correlations with the cognitive measures of UHR subjects, and thus improve our understanding of the underlying pathophysiological mechanisms of schizophrenia. Moreover, a combination of the FCS values in the 2 brain areas can serve as a potential image marker to distinguish UHR subjects from healthy controls.
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